We use Fisher information matrix method to calculate the parameter estimation accuracy of inspiralling supermassive black holes binaries for TianQin, a space-borne laser interferometric detector aimed at detecting gravitational waves in millihertz frequency band. The 'restricted' post-Newtonian waveform in which third order post-Newtonian (3PN) phase including spin effects (spin-orbit β and spin-spin σ) and first-order eccentricity contribution is employed. Monte Carlo simulations using 10 3 binaries for each mass pairs with component masses in the range of (10 5 , 10 7 )M⊙ and cosmological redshift z = 0.5 show that the medians of the root-mean-square error distributions for the chirp mass Mc and symmetric mass ratio η are in the range of ∼ 0.02% − 0.7% and ∼ 4% − 8%, respectively. The luminosity distance DL can be determined to be ∼ 1% − 3% and the angular resolution of source ∆Ω is better than 12 deg 2 . The corresponding results for z = 1.0 and 2.0, which are deteriorated with the decreasing of the signal-to-noise ratio, have also been given. We show that adding spin parameters degrades measurement accuracy of the mass parameters (Mc, η), and the time and the orbital phase of coalescence (tc, φc); the inclusion of first-order eccentricity correction to the phase worsens the estimation accuracy comparing with the circular cases. We also show the effects of post-Newtonian order on parameter estimation accuracy by comparing the results based on second order and third order post-Newtonian phase. Moreover, we calculate the horizon distance of supermassive black hole binaries for TianQin.
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I. INTRODUCTION
TianQin is a space-borne laser interferometric detector for gravitational waves (GWs) in millihertz frequencies (0.1 mHz -1 Hz) [1] . The detector comprises three identical drag-free satellites orbiting around the Earth in a nearly equilateral triangular constellation. The geocentric distance of each satellite is approximately 10 5 km which makes the arm length of the interferometer be about 1.73 × 10 5 km. The Keplerian orbit's period is approximately 3.65 day. Each pair of satellites is interconnected by two-way infrared laser beams which forms up to three Michelson interferometers. The guiding center of the constellation coincides with the geocenter and it moves around the Sun in the ecliptic orbit. The normal of the detector plane points toward the tentative reference source RX J0806+15, which is among the strongest GW sources in Galactic ultra-compact white-dwarf binaries [2, 3] . The fundamentals of the satellite orbits and the response of each Michelson interferometer for TianQin have been studied in [4] . The nominal orbits and a set of alternative orbits have been optimized such that the stability requirements on arm length variation, relative velocity and breathing angle of the triangular constellation can be satisfied for a five-year mission lifetime [5] .
As a millihertz frequency gravitational wave observatory, the design of the architecture for the TianQin mission and the trade-off among a variety of technologies for the instruments are driven by the attainable science objectives. The main categories of GW sources in TianQin's frequency band [6] are Galactic ultra-compact binaries, coalescing supermassive black hole binaries (SMBHBs), capture of stellar-mass compact objects by a massive black hole (MBH), i.e., extreme-mass-ratio insprirals (EMRIs) [7] and inspiral of stellar mass black hole binaries [8] , and stochastic GW background origninating from primordial BHs [9] and/or cosmic strings [10] . Among these, SMBHB mergers are arguably the most powerful GW sources, therefore they deserve detailed investigations.
Observations indicate that the center of almost every galaxy hosts a SMBH whose mass is in the range of 10 5 − 10 10 M ⊙ [11] . In the hierarchical merger scenario of galaxy formation, large galaxies are assembled through multiple mergers during their lifetime. As they merging, the center SMBHs will approach each other due to the deep gravitational potential, dynamic friction, triple interaction, gravitational waves, etc [12, 13] . SMBHB can even be formed directly inside the first galaxies under certain physical conditions [14] . SMBHB merger rates along the cosmic history predicted by three different population models and the science capability for different eLISA designs have been discussed [15] . The work on estimating SMBHB detection rates for TianQin based on the semianalytical model is underway [16] .
In addition to detection rates, it is important to forecast how accurately that TianQin can measure the parameters pertinent to SMBHB systems which potentially can be used to enable the subsequent studies, for example, formation and growth mechanism of seed black holes [14, 17] , co-evolution of SMBHBs with host galaxies [18, 19] and cosmography [20, 21] . From the perspective of data analysis, one needs matched filtering to extract the deterministic signals, such as the ones from inspiral stage of SMBHBs, from the noisy data. This involves passing the detector's strain data output through a bank of templates that are characterized by the signal parameter set [22, 23] . In general, Monte-Carlo simulation using synthetic data and a data-analysis pipeline will be required to systematically evaluate the performance of parameter estimation and signal reconstruction for a specific detector. However, this procedure is cumbersome and computational demanding. For the ease of use and computational efficiency, Fisher information matrix (FIM) method has been implemented to bound the parameter estimation accuracy of post-Newtonian (PN) inspirals for both stellar-mass black hole binaries detected by the ground-based detector LIGO [24] and SMBHBs detectable by the space-borne detector LISA [25] . It has been shown that the results based on FIM method are consistent with the ones from more sophisticated Bayesian parameter estimations for high signal-tonoise ratio (SNR) cases [26, 27] .
In the applications of FIM method, Cutler and Flanagan [24] used the restricted 1.5PN inspiral waveform that includes spin-orbit parameter (β) to discuss the estimation accuracy of luminosity distance D L , chirp mass M c , reduced mass µ and β for LIGO and Virgo network. By extending the waveform template phasing to 2PN and including both spin-orbit (β) and spin-spin (σ) parameters, Poisson and Will [28] found that the 1.5PN phasing actually underestimated the root-mean-square (rms) errors in M c , µ and β. Furthermore, Arun et al. [29, 30] adopted 3.5PN phasing, however, ignored spin and eccentricity effects, to emphasis the importance of employing higher order PN correction for parameter estimation.
For LISA, Cutler [25] firstly used the waveform as in [24] to calculate the sky location error, which is later extended to 2PN waveform including spin effects by Berti et al. [31] . Lang et al. [32, 33] used 2PN waveform including the precession-induced modulations with partially aligned spins and higher PN harmonics to examine the impact upon parameter estimation for LISA. They found that the additional precession periodicity and higher PN harmonics can improved the accuracy. The first-order phase correction due to orbital eccentricity has been considered in [34] . Afterwards, it has been found that high eccentricity (e 0 ≥ 0.6) not only enhances the SNR but also improves LISA's angular resolution of SMBHBs than the circular obits for relatively high equal mass systems (∼ 10 7 M ⊙ + 10 7 M ⊙ ) [35, 36] . In the current work, we mainly focus on the investigation of parameter estimation accuracy for SMBHB inspirals that can be achieved by TianQin. We employ the restricted post-Newtonian waveform that includes up to third order (3PN) phase and contributions from spin effects (both spin-orbit and spin-spin) and first-order eccentricity effect. The plan for the rest of the paper is as follows. In Sec. II, we give the GW waveform used in this work. In Sec. III, we briefly summarize the characteristics of TianQin detector and its prospects for detecting GWs from inspiralling SMBHBs. In Sec. IV, we review some basics of the FIM method. Sec. V carry out the Monte-Carlo simulations for typical SMBHBs and present the main results of the rms error distributions of estimated parameters and the comparison with variations in employed waveforms. Conclusions and discussions on possible future studies are given in Sec. VI. In Appendix A, we provide the details of transforming GW signal in time-domain to frequency-domain based on the stationary phase approximation (SPA), which leads to validating the requirements of SPA for TianQin in Appendix B. Throughout this paper we adopt the geometrical units in which G = c = 1.
II. WAVEFORM MODEL

A. The time-domain waveform
In the source rest frame, we construct the center-ofmass coordinates {x 1 , x 2 , x 3 } and consider a binary consisting of two masses m 1 and m 2 in a circular orbit on the x 1 − x 2 plane. We assume that there is no precession, thus the orbital angular momentum vector L points along a fixed direction, i.e. x 3 axis (here we adopt the convensions in [37, 38] ). The source locates at a distance of r with an orbital inclination angle ι defined as cos ι = −L ·N, whereN is the unit vector pointing towards the source from the detector andL is the unit vector of L. Using the Newtonian mass quadrupole formula, we can obtain the time-domain waveforms for the two polarizations of the GWs propagating along −N direction:
where
M is the chirp mass (the total mass M = m 1 + m 2 , the reduced mass µ = m 1 m 2 /M and the symmetric mass ratio η = µ/M ), t c and ϕ c are the time and the orbital phase of coalescence, respectively.
For detecting continuous GW signals by a space-borne detector, it may be more convenient to work in the heliocentric ecliptic frame. The GW strain h(t) depends on the detector's antenna response to the two GW polarizations h +,× (t),
Here F +,× are the antenna pattern functions. (θ, φ) denote the source's ecliptic colatitude and longitude, ψ is the polarization angle between one of the semi-major axis of the ellipse of GW polarization and the line of nodes. The orbit and orientation of detector determine the antenna response to the incoming GWs. For the preliminary concept of TianQin [1] , the response of a Michelsontype interferometer that is valid in the full range of the interested frequencies has been given in [4] . Specifically, the antenna pattern functions can be written as follows
In the low-frequency region (f < f * ≈ 0.28 Hz) that is most relevant to the GWs from an inspiralling SMBHB, F +,× become independent of the GW frequency f and D +,× can be analytically approximated as [4] 
− sin(2κ 1 ) 3 + cos(2φ − 2φ) 9 + cos(2θ)(3 + cos(2θ)) − 6 cos(2θ) sin
Here κ 1 = 2πf sc t + κ 0 , f sc = 1/(3.65 day) and κ 0 is the constant phase determined by the setup of the satellites' coordinates (see [4] for details). (θ = 1.65,φ = 2.10) are the colatitude and longitude of the reference source RX J0806+15 in the heliocentric-ecliptic frame towards which the normal of the detector's plane is pointed [1] . As we will see in Sec. III, TianQin can detect SMBHBs located at cosmological distances, therefore it is natural to replace the distance variable r in Eq. (1) by luminosity distance D L . In the standard flat ΛCDM cosmological model, D L can be expressed as a function of the cosmological redshift z of the source as
where the cold dark-matter density Ω M = 0.32, the dark energy density Ω Λ = 0.68, and Hubble constant H 0 = 67 km s −1 Mpc −1 [39] . Correspondingly, the chirp mass and total mass measured in the source rest frame can be related to their redshifted counterparts by
For simplicity, hereafter we will omit the prime symbol and redefine M c and M as the redshifted chirp mass and total mass that are measured in the detector's frame unless otherwise specified.
B. The frequency-domain waveform
In this subsection we compute the Fourier transform of the time-domain GW signal. We extend Eq. (1) to the "restricted" PN waveform for which the amplitude is kept to the leading order quadrupole term while the phase is kept to higher PN orders, since it is more important to make the phase coherent in GW signal detection.
Given a GW strain signal h(t) = A(t)cos Φ(t), we can obtain its Fourier transformh(f ) analytically using the stationary phase approximation (SPA, see Appendix A for details) under required constraints (see Appendix B for the validation) as follows,
with i 2 = −1 and
and
Here and hereafter, we express t as a function of f in the frequency-domain waveform. For the phase of waveform that includes 3PN, spin and eccentricity effects, t(f ) can be explicitely written as [34, 40] 
with the coefficients 
Here γ E = 0.577 is the Euler constant, e 0 is the eccentricity of the binary Keplerian orbit at the fiducial frequency f 0 . Spin-orbit (β) and spin-spin (σ) parameters can be expressed as [31] 
is the dimensionless spin parameter and S i is the spin angular momentum for the i-th black hole.L is the unit vector of the orbital angular momentum of the binary. For black holes |χ| ≤ 1, |β| ≤ 9.4 and |σ| ≤ 2.5. As an example, if S i aligns withL and χ i = 0.2, then β = 1.6 and σ = 0.1 for equal-mass binary. x is the PN parameter
The 3PN GW strain phase evolution that includes the polarization modulation, Doppler modulation and the first-order eccentricity correction is given by [25, 34, 40] 
with the coefficients
where x 0 is the PN parameter (Eq. 13) evaluated at the last stable orbit. The polarization modulation is defined as
The motion of the TianQin detector around the heliocenter will cause Doppler modulation on the GW phase. Following [4] , it can be expressed as
Here φ 0 is the ecliptic longitude of the satellite guiding center at t = 0, T is one sidereal year and R = 1 AU. Although binary orbit can be effectively circularized by the time of coalescence in high frequencies for stellarmass BHBs, the orbital eccentricity may not be negligible for SMBHBs during inspiralling in low frequencies. Potentially, the eccentricity can be detected by space-borne detectors. Here we adopt the first-order correction of GW phase due to eccentricity [34] :
III. SIGNAL DETECTION
The strain output of a detector
consists of a time series of the GW stain signal h(t) and the detector's equivalent strain noise n(t). The noise is assumed to be sampled from a Gaussian stochastic process. We define the noise-weighted inner product (h 1 |h 2 ) of two data h 1 (t) and h 2 (t) as whereh 1 (f ) andh 2 (f ) are the Fourier transforms of h 1 (t) and h 2 (t). S n (f ) is the one-sided power spectral density (PSD) of n(t) for which the proposed functional form for TianQin is provided in [1, 4] 
where L 0 = 1.73 × 10 5 km is the arm length. S x = 10 −24 m 2 /Hz and S a = 10 −30 m 2 s −4 /Hz are the PSDs of the position noise and residual acceleration noise, respectively.
The detectability of a given signal h(t) is determined by the optimal signal-to-noise ratio (SNR) [41] 
where h c (f ) = 2f |h(f )| is the characteristic strain of the signal and h n (f ) = f S n (f ) is the counterpart of the noise. Note that both of these are dimensionless. The average squared strain response for TianQin in Eq. (9) can be obtained by integrating over all possible sky locations (θ
) and the time within one orbital period of the satellites around the geocenter (T sc = 3.15 × 10 5 s):
The frequency-domain waveform (see Eq. (7)) that adopts the average strain response |Q| 2 1/2 is given bỹ
Combining Eqs. (21), (22) and (24), the SNR can be reformulated as
where f fin = min(f ISCO , f end ) with the GW frequency at the innermost stable circular orbit f ISCO = 1/(6 3/2 M π) Hz and the upper cutoff frequency for TianQin f end = 1 Hz, f in = max(f low , f obs ) with the lower cutoff frequency f low = 10 −5 Hz and the initial observation frequency f obs = 4.15 × 10
Hz. We will choose T obs = 3 month which is the time window of each separated observation session. This is mainly due to the unique feature of TianQin's mission operation which is intended to reduce the interference from the sunlight on the optical links and simplify the thermal control of the satellites [1] . Fig. 1 shows the characteristic strain of the detector noise h n (f ) for TianQin (red line) and the characteristic strains of the signal h c (f ) for three typical equalmass (10 5 + 10 5 M ⊙ , 10 6 + 10 6 M ⊙ , 10 7 + 10 7 M ⊙ ) SMBHBs located at z = 0.5. Here and hereafter, we refer the mass of SMBHB to the value measured in the source rest frame considering its direct connection with astrophysical investigations on the mass dependence of detection rates. However, in our calculation of SNR and FIM, we take into account the cosmological effects discussed in Sec. II A. The blue lines with h c ∝ f −1/6 present the GW contributions from the inspiral stage of the binaries which terminates at f ISCO . This is the most relevant part to the current work. Additionally, for the purpose of illustration and comparison, the corresponding ones from the merger (green lines) and ringdown (purple lines) stages have also been plotted based on the phenomenological waveform [42] .
From Eq. (22), one can see that the area between the signal and the noise curves in a log-log plot is proportional to the SNR ρ. spectrum of the SMBHB systems that are assembled in the early Universe. The detection space shown in Fig. 2 is largely overlapped with eLISA [6, 43] . Fig. 3 shows the fraction of the total SNR that can be accumulated in the observation time intervals before the merger of the equal-mass binary located at z = 1.0. The total SNR is estimated by assuming TianQin's continuous operation of 5 years (without the separation of T obs = 3 month observation sessions). Notice that over the vast majority of the mass range, the signal from the last a few days' observation will dominate the total SNR. Therefore, it is likely that, in practice, the signal from a SMBHB will either be detected by TianQin within T obs or completely missed. 
IV. FISHER INFORMATION MATRIX
Letλ i be the true value of parameter λ i andλ i = λ i + ∆λ i be the estimated value from the data in the presence of noise.λ i can be obtained from an estimator, such as the maximum-likelihood estimator (MLE) [46] . Suppose that the signal is sufficiently strong, the joint probability density function for the estimation error ∆λ can be approximated by a multivariate Gaussian distribution [24, 38] 
is the (i, j) entry of the Fisher information matrix (FIM). Particularly, the rms error of parameter λ
where the variance-covariance matrix (or simply the covariance matrix) Σ = Γ −1 . The correlation coefficient between ∆λ i and ∆λ j can be defined as
It is a dimensionless ratio that indicates the degree to which ∆λ i and ∆λ j are linearly correlated. In this work, we focus mainly on the following parameters of inspiralling SMBHB signal included in Eq. (7)
The derivative parameters not presenting explicitly in Eq. (7) can be obtained by the propagation of errors. 
Note that both Eq. (31) and Eq. (32) take into account the correlations between parameters. The derivatives ofh with respect to the parameters used in Eq. (27) are listed below:
The explicit expressions for ∂Ψ/∂λ i and ∂Q/∂λ i on the right hand sides of the above equations are too lengthy to show here.
In the following calculations, we neglect ∂A/∂ ln M c , ∂Q/∂ ln M c and ∂Q/∂ ln η, since these terms are ignorable comparing with the contributions from the terms related to Ψ. We will discuss this point with further details in Sec. VI.
V. SIMULATIONS AND RESULTS
In this section we use the FIM method to study the parameter estimation accuracy of inspiralling SMBHBs for TianQin. We assume that the strain data of the detector are from a Michelson-type configuration which consists of two-way optical links along two arms of the satellite constellation [4] . The functional form of instrumental noise PSD given in Eq. (21) and the associated parameter values are used for TianQin.
We carry out Monte Carlo simulations of 10 3 SMBHBs for each mass pairs listed in the first column of Table I . The component masses are chosen such that the average SNR of those systems can be approximately larger than 20 (cf. Fig. 2) . In this work, SMBHBs are located at z = 0.5, 1.0 and 2.0 with the inclination angle cos ι ∼ U(−1, 1) and the angular positions of the sources cos θ ∼ U(−1, 1) and φ ∼ U(0, 2π). Here U(a, b) denotes the continuous uniform distribution between interval [a, b]. We set the eccentricity of the binary e 0 = 0.2 at f 0 = 10 −4 Hz. As in [24] , we are mainly concerned with the effects of the spin on the other parameters and choose β = σ = 0 in all cases without loosing any generalities.
A. Parameter estimation of 3PN phase including spin and eccentricity effects Table I shows the medians of the rms error distributions of the parameters employed in the 3PN waveform including both spin and eccentricity. Generally, the rms errors increase with the decreasing of the SNR. The peaks of the SNR can be read from the top panel in Fig. 2 . One can see that the more distant sources would peak at less massive systems which merge at higher frequencies in the source frame and subsequently redshifted to lower frequencies in observer's frame.
Specifically, for z = 0.5 (corresponding to D L ≈ 3 Gpc), we can see that ∆ ln M c , ∆ ln µ and ∆ ln η can be measured to be ∼ 0.02% − 0.7%, ∼ 2% − 3% and ∼ 4% − 8%, respectively. ∆ ln µ is about 1 − 2 orders of magnitude larger than ∆ ln M c . ∆ ln η is a factor of ∼ 2.5 times larger than ∆ ln µ, which can be seen readily from Eq. (31) with Σ ln Mc ln Mc and Σ ln Mc ln η ignored. It turns out that ∆ ln M c is more sensitive to SNR than ∆ ln µ and ∆ ln η. ∆ ln D L can be determined to be ∼ 1% − 3%. Despite D L appears in the signal model as an overall factor, its estimation error does not simply scale as 1/ρ. This is mainly due to the correlations between ∆ ln D L and ∆λ i (Σ ln DL λi = 0 for λ i = ln D L ). Note that it is different from the overall factor A adopted in [24, 28, 29, 31] which is entirely uncorrelated with the other parameters.
For z = 0.5, the sky-position resolution ∆Ω, which is crucial for multi-messenger observations, can be measured to be ∼ 1 − 12 deg 2 (10 −5 str ≈ 1/30 deg 2 ). Furthermore, the error for estimated time of coalescence ∆t c is less than 20 min for all cases, which may enable TianQin to send out prompt alters to ground and space telescopes to search for potential electromagnetic counterpart within ∆Ω.
For z = 1.0 (corresponding to D L ≈ 6.8 Gpc) and z = 2.0 (corresponding to D L ≈ 16 Gpc), ∆ ln M c , ∆ ln µ TABLE I. The medians of the SNR distributions and the rms error distributions of parameters for 13 mass pairs, each of which has 10 3 trails of SMBHBs. Sources locate at redshift z = 0.5, 1.0 and 2.0, respectively, with samples of inclination angle cos ι ∼ U(−1, 1) and angular positions of the sources cos θ ∼ U(−1, 1) and φ ∼ U(0, 2π). 3PN waveform that includes both spin and eccentricity effects is adopted. We set the eccentricity e0 = 0.2 at f0 = 10 −4 Hz, tc = 0 sec, φc = 0 rad, and β = σ = 0. The observation time T obs = 3 month. and ∆ ln η can be measured to be ∼ 0.04% − 1.5%, ∼ 3.5%−6.1%, ∼ 7.8%−15%, and ∼ 0.1%−3.5%, ∼ 7.6%− 13% and ∼ 15% − 32%, respectively. The sky-position resolution ∆Ω can be measured to be ∼ 6.8 − 94 deg The estimation accuracy of the other parameters are also given in Table I . Moreover, the histograms of the rms errors for {∆ ln M c , ∆ ln µ, ∆ ln η, ∆φ c , ∆t c , ∆ ln D L and ∆Ω} and their fitted distributions for the Monte Carlo simulation of 10 3 trials of 10 6 + 10 6 M ⊙ SMBHBs located at z = 0.5 are shown in Fig. 4 (red lines) .
B. Effects of spin and eccentricity on parameter estimation
Either spin or eccentricity correction to the phase has been ignored for simplification in many previous works [24, 25, [28] [29] [30] [31] . Here we will show that how these effects alter the parameter estimation accuracy for the case of TianQin. Following [47] , we adopt a 'special' correla-tion matrix in which diagonal elements are rms errors of parameters while off-diagonal elements are correlation coefficients (see Eq. 29) between each pair of parameters for 3PN phase (Table II) , 3PN phase including either eccentricity (Table III) or spin (Table IV) . Different from [47] where the values of matrix elements are given for a specific trial, we present the medians of the rms errors in diagonal elements and the means of the absolute values of correlation coefficients in off-diagonal elements for 10 3 trails of 10 6 + 10 6 M ⊙ SMBHBs. In the simulations, the correlation coefficients change signs in different trials, therefore the absolute values allow us to take particular note on the magnitude of correlations. We set z = 0.5 for all sources.
In Table II When eccentricity of the binary orbit is considered, the correlation between ∆ ln M c and ∆ ln η is enhanced somewhat and the rms errors of both ∆ ln M c and ∆ ln η are approximately doubled (see Table III ). In contrast, the correlation between ∆θ, ∆φ, ∆D L and the other parameters (excluding ∆e 0 ) and their rms errors remain almost the same. Hence, the 3D localization error of the source (∆θ, ∆φ and ∆ ln D L ) are not sensitive to the inclusion of eccentricity.
The results for 3PN phase including spin-orbit parameter β and spin-spin parameter σ are given in Table IV. Among 36 correlation coefficients, 21 have values ∼ 0.2 − 0.5, while ∼ 1/6 have values 0.7 − 0.9. Unlike e 0 , β and σ show strong correlation (> 0.8) with some of the other parameters, such as ln M c , ln η, t c and φ c , which worsens the rms error ∆ ln M c , ∆ ln η, ∆t c and ∆φ c by a factor of several to several tens (∆φ c increases by a factor of ∼ 70 considering c φc,σ = 0.986). As in Table III , neither the correlation coefficients relevant to θ, φ and ln D L or their rms errors have been changed significantly due to the inclusion of additional parameters. From Fig. 4 one can see that spin (orange curves) has larger impact on the accuracy of parameter estimation than eccentricity (green curves).
Comparing 10
6 + 10 6 M ⊙ case (z = 0.5) in Table I with  Table II -IV, one can see that ∆ ln M c , ∆ ln η, ∆t c , ∆φ c in 3PN phase with eccentricity and spin (3PN+E+S) have been worsened than 3PN, 3PN+E and 3PN+S cases. The correlation between mass-related parameters (M c , η) with (φ c , t c ) has been discussed in [26, 47, 48] . As found in [47] , these parameters will be underestimated if neglecting the correlations among them. However, ∆θ, ∆φ, ∆D L have not been changed significantly. These features can be seen more evidently from Fig. 4 .
C. Effects of PN order on parameter estimation
2PN phase has been adopted as a benchmark in many previous investigations on parameter estimation accuracy of coalesing binaries for either LIGO-Virgo type detectors [28, 34] or LISA [31, 32] . In this part, we will show the difference of the parameter estimation accuracy forecasted by 2PN and 3PN phase in the context of TianQin. For a comprehensive study, we include eccentricity and spin parameters in the waveforms. The remaining setups of the simulations for 2PN phase are the same as in Sec. V A, except z = 0.5 for all sources in this subsection. Figure 5 shows the dependence of the medians of the rms errors on the total mass of SMBHBs when considering 2PN (green lines with dots) or 3PN (red lines with triangles) phase, respectively. The components are taken from the mass pairs listed in Table I . We can see that the medians of ∆ ln M c , ∆ ln D L , ∆e 0 and ∆Ω based on 2PN phase overlap with 3PN phase very well in most of the region that covers the lower mass end; whereas discrepancies between 2PN and 3PN results, within a fraction of the respective values, are shown in these parameters at higher mass end (∼ 10 7 M ⊙ ). 2PN phase overestimates the medians of ∆ ln η and ∆ ln µ by a factor of 2 around higher mass end, while it underestimates the medians of ∆φ c and ∆σ by a factor of a few around lower mass end. 2PN can either underestimate or overestimate ∆β depending on the value of total mass by, at most, a factor of 2. It turns out that ∆t c is not sensitive to the PN order at all in the concerned total mass range.
VI. CONCLUSIONS
This work studied the performance on detection and parameter estimation accuracy of SMBHB inspirals for TianQin, a space-borne GW detector working in the millihertz frequency band. By calculating average SNR, we found that TianQin is capable of detecting SMBHBs assembled in the early Universe. The maximum distance reach in terms of cosmological redshift z > 30. Using FIM method, we calculated the estimation accuracies of the parameters contained in the GW strain signal model. We adopted the 'restricted' 3PN frequency-domain waveform and considered the contributions from spin (spinorbit and spin-spin) and first-order eccentricity effects to the phase of GW signal. Using Monte Carlo simulations of 10 3 binaries sampled uniformly in sky location and orientation, we calculated the rms error distributions of parameters and their correlation coefficients for SMBHBs with component masses in the range of (10 5 , 10 7 )M ⊙ . Furthermore, we studied the effects of eccentricity, spin and PN order on the parameter estimation accuracy for TianQin.
Two sets of codes in Python 3 trials of 10 6 +10 6 M⊙ SMBHBs located at cosmological redshift z = 0.5. 3PN, 3PN+S, 3PN+E and 3PN+S+E denote 3PN phase (blue), 3PN phase including spin effect (orange), eccentricity effect (green) and both (red), respectively. TABLE II. The medians of the rms error distributions (diagonal elements) and the mean absolute values of the correlation coefficients (off-diagonal elements) of parameters for Monte Carlo simulation of 10 3 trails of 10 6 + 10 6 M⊙ SMBHBs located at redshift z = 0.5. 3PN waveform is adopted. The rest of the setups are as in Table I. The table is rms errors. For the sake of computation time, we ignored the terms, when evaluating the elements in Eq. (33), of the derivatives of the amplitude respect to coalescence time t c , chirp mass M c and symmetric mass ratio η considering that they are negligible compared to the derivatives of the phase. To validate this approximation, we used the complete terms including the derivatives of both amplitude and phase to calculate FIM for a subset of the simulations in Mathematica codes, from which the parameter estimation accuracies are consistent with the ones obtained from Mathematica and Python codes that exclude the minor terms.
Simplified assumptions used in this work can be improved in a more careful treatment. Such as, we only took into account the first-order eccentricity contribution to the phase but not to the amplitude. Especially, the latter will become more important when eccentricity is noticeably larger and enhance significantly the amplitude around the time of periastron. Besides, higher-order eccentricity contribution [51] [52] [53] to both phase and amplitude may be introduced in the signal model. Moreover, we assumed that the spin parameters are constant during the inspiralling stage of SMBHBs. It may not be true in the real situation when the spin, by chance, does not parallel to the orbital angular momentum, thus procession may be induced in orbital dynamics [37] . These factors may change the results presented here considerably.
Finally, all the results presented in this work assume a single Michelson-type interferometer configuration. In fact, the space-borne GW detector formed by a nearly equilateral triangular constellation with two-way optic links along each arm is equivalent to two independent Michelson-type interferomers at the frequencies lower than the transfer frequency (f * ≈ 0.28 Hz for TianQin) [54] . For two (or more) interferometers with independent noise, the total SNR is the root of quadratic sum of individual SNRs while the total FIM is the sum of the individual FIMs. We expect that the results from two interferometers will be improved somewhat than the current ones. However, a thorough investigation about this aspect, especially if involving much more sophisticated data combinations from time delay interferometry (TDI) [55] (which is used to subtract the dominating laser phase noise), is out of the scope of the current paper. All the considerations mentioned above will be subject to our further investigations for TianQin. Table I. 
